Abstract. Delayed encephalopathy after acute carbon monoxide poisoning (DEACMP) is a serious complication that occurs several days or weeks after carbon monoxide (CO) intoxication. This study identified computed tomography (CT) findings in the prediction of DEACMP development. Adults with CO poisoning admitted to Beijing Chaoyang Hospital, Shenyang Ninth People's Hospital, Shanxi Second People's Hospital and Shandong Provincial Hospital in China from January 2013 to January 2016 were retrospectively analyzed. Baseline demographic and clinical characteristics were extracted from the medical records. Brain CT imaging was carried out within 24 h of admission, and an integrated CT score was calculated to semi-quantify lesion severity. Patients were followed-up for 6 months. Baseline characteristics and CT findings were compared among patients who developed DEACMP (DEACMP group) and those who did not (non-DEACMP group). The receiver operating characteristic (ROC) curve analysis was used to examine the utility of integrated CT score for predicting DEACMP. Among the 123 patients included in the analysis, 27 (22.0%) developed DEACMP. The DEACMP and non-DEACMP groups did not differ with regard to age, sex and carboxyhemoglobin (COHb) level at admission. However, compared with the non-DEACMP group, the patients in the DEACMP group had longer onset time of symptoms and duration of exposure to CO, higher acute physiology and chronic health evaluation-II (APACHE-II) score, lower Glasgow Coma Scale (GCS) score, and there was a higher proportion of patients with severe symptoms and brain CT abnormalities (81.5 vs. 51.0%; P<0.05). Integrated CT score in the DEACMP group was significantly higher than that in the non-DEACMP group (73.63 vs. 51.39; P<0.01). ROC curve was used to analyze the utility of integrated CT score in the prediction of DEACMP. The area under the ROC curve was 0.700 (95% confidence interval, 0.584-0.817; P<0.01).
Introduction
Carbon monoxide (CO) is a colorless, odorless and tasteless gas harming human health at levels exceeding 100 ppm (1) . Although CO poisoning is preventable, it remains an important cause of morbidity and mortality in modern society and a leading cause of death due to poising (2, 3) . Common symptoms of CO poisoning include headache, nausea, vomiting, dizziness, malaise and altered mental state as well as myocardial ischemia, chest pain and shortness of breath in some cases (4) . The toxicity of CO is mainly caused by the high affinity of CO for hemoglobin, which results in tissue hypoxia (1) . In addition, various cellular mechanisms have been implicated in the toxic effects of CO, including binding of CO to other intracellular proteins (such as myoglobin and cytochrome), generation of nitric oxide and peroxynitrite, lipid peroxidation, mitochondrial oxidative stress, immune-mediated damage and apoptosis (2) . Administration of oxygen is the main treatment of CO poisoning, which can accelerate the elimination of carboxyhemoglobin (COHb) and reduce tissue hypoxia.
Several studies have reported that hyperbaric oxygen therapy is an effective treatment for CO poisoning (4) (5) (6) . Furthermore, the addition of dexamethasone (7) or N-butylphthalide (8) to hyperbaric oxygen therapy may also exert beneficial effects.
Delayed encephalopathy after acute carbon monoxide poisoning (DEACMP) is a serious and common complication of exposure to CO at toxic levels (9, 10) . DEACMP manifests as memory impairment, cognitive dysfunction and behavioral disorders that develop several days or weeks after Utility of brain CT for predicting delayed encephalopathy after acute carbon monoxide poisoning acute exposure to CO (9, 10) . There is some evidence that hyperbaric oxygen therapy may be beneficial in patients with DEACMP (11) . Nonetheless, the prognosis of DEACMP is poor, and the factors associated with clinical outcomes include age, lucid interval (between the initial recovery from the acute CO intoxication and the subsequent appearance of DEACMP symptoms), danger activities of daily living score, complications (11) and diffusion tensor imaging findings (12) . Identifying patients with acute CO poisoning that would go on to develop DEACMP would facilitate decision-making regarding treatment strategies, but this identification is challenging. Reported risk factors for DEACMP include age >35 years, CO exposure for >24 h, serious disturbance of consciousness at emergency admission, prolonged disturbance of consciousness, elevated levels of creatine kinase, creatine kinase-MB and lactate dehydrogenase, and low Global Assessment Scale score (13) (14) (15) (16) . However, the clinical utility of these factors in predicting DEACMP is limited. Magnetic resonance imaging (MRI) has revealed that DEACMP is associated with multiple lesions in the basal ganglia (mainly the globus pallidus, but also in the caudate nucleus and putamen alone), subcortical and periventricular white matter, cerebral cortex and hippocampus (17) (18) (19) . In light of this, it is valuable to apply imaging methods to identify patients at risk of developing DEACMP. Although MRI can identify cerebral lesions in patients with acute CO poisoning, one study has found that the presence of MRI lesions at 1 month after CO intoxication was unable to accurately predict longer-term clinical outcome (20) . Computed tomography (CT) is a clinically routine and non-invasive imaging technique that may have the potential to identify patients at risk of DEACMP. Two previous studies have reported that CT findings of hypoxic encephalopathy are related to the development of DEACMP (16, 21) . However, there remains a paucity of data regarding the utility of CT for identifying patients at risk of DEACMP.
This study identified the early-stage clinical features and CT findings that predicted the development of DEACMP in patients with acute CO poisoning.
Patients and methods
Study design and patients. Patients with acute CO poisoning admitted to Beijing Chaoyang Hospital, Shenyang Ninth People's Hospital, Shanxi Second People's Hospital and Shandong Provincial Hospital in China from January 2013 to January 2016 were retrospectively analyzed. Inclusion criteria: i) patients aged 18-75 years; ii) those diagnosed with acute CO poisoning based on signs, symptoms and COHb levels (22, 23) ; iii) those imaged by brain CT during the early stages (i.e., within 24 h of admission to hospital); and ⅳ) those who were diagnosed or suspected of the disease before the development of DEACMP. Exclusion criteria: i) patients with history of severe cerebrovascular disease, epilepsy, encephalitis, meningitis or congenital neurologic disease; ii) those with history of severe heart, liver or kidney disease; iii) those who had visited several hospitals, been ill for several days (with obvious signs and symptoms), or not received a CT examination at an early stage; and iv) women who were pregnant or breastfeeding. This study was approved by the Ethics Committee of the China Center for Disease Control and Prevention (Beijing, China), but patients did not sign the informed consent due to the retrospective design of the study.
Diagnosis of DEACMP. DEACMP was diagnosed if any of the following clinical abnormalities were observed at 2-60 days after the initial recovery from the consciousness disorder caused by acute CO poisoning: i) disturbance of mental state and/or consciousness manifesting as dementia or delirium; ii) extrapyramidal neuropathy manifesting as Parkinson's syndrome; iii) pyramidal neurologic damage (such as hemiplegia, pathologic reflexes or urinary incontinence); and iv) focal cerebral cortical dysfunction (such as aphasia, blindness or the occurrence of secondary epilepsy). Additional evidence of DEACMP included pathologic low-density regions in brain CT images and moderate or severe abnormalities in the electroencephalogram.
Brain CT imaging. Brain CT imaging was performed immediately and was repeated within 24 h after the occurrence or suspected occurrence of toxic encephalopathy symptoms (to aid in the diagnosis of DEACMP). The CT scanner used was either a SOMATOM Emotion 16 (Siemens Healthineers, Erlangen, Germany) or a BrightSpeed Elite (GE Healthcare, Chicago, IL, USA), and the scanning parameters were: layer thickness, 5 mm; layer interval, 10 mm.
Analysis of CT images.
The CT value within a region of interest (2-5 cm 2 , adjusted according to the size of the site being analyzed) was measured in the following brain regions: bilateral centrum semiovale, white matter of the frontal, parietal, occipital and temporal lobes, basal ganglia, thalamus, capsula interna, cerebral peduncle, pons and cerebellum (mainly white matter). Except for special cases, when the original data could not be provided and the CT value was measured only by the doctor appointed by the local hospital, all CT values were measured independently by two senior radiologists (with 22 and 26 years of work experience, respectively), with each radiologist measuring the CT value of each brain region 3 times to obtain an average value.
Semi-quantitative analysis of the CT abnormalities. Three experienced radiologists (each with >20 years of work experience) independently calculated an integrated CT score, based on the characteristics of the regions of abnormal density, and an average value was obtained for each patient. This approach is not subject to the limitations of the CT scanner, allowing the data to be directly compared between hospitals. The method used to determine scores was as follows: i) distribution of lesion for each brain region: 0, no abnormal density; +1, unilateral density abnormality; +2, bilateral density abnormality. The scores for the various brain regions analyzed were summated to provide an overall score for lesion distribution; a higher score indicated a wider distribution of abnormal density. ii) Extent of lesion: +1, when the density/abnormality was limited to the deep white matter; +2, when the density/abnormality was both in deep white matter and in subcortical white matter. iii) Lesion severity: +1, when the reduction of CT value was ≤2-5 Hounsfield units (HU); +2, when the reduction in CT value was >5 HU. The scores for various brain regions were summarized to provide an overall score for lesion severity. iv) Swelling of parenchyma: 0, no brain swelling; +1, sulcal effacement; +2, ventricle is subjected to compression and becomes narrower. v) Other, including cerebral cortex involvement, hemorrhagic lesion and hippocampal lesion: +1, one condition; +2, two conditions; +3, ≥3 conditions. The above scores were summarized to give a final total score for each patient; a higher total score was taken to indicate more serious disease. Fig. 1 shows an example of semi-quantitative analysis of the CT abnormalities. The patient was diagnosed with acute CO poisoning and the brain CT was at onset (within 24 h). Distribution of lesion: +2, the areas of subcortical decreased attenuation in bilateral frontal (arrows a and b) and occipital lobe (arrows e and f); +2, bilateral globus pallidus (arrows c and d). Extent of lesion: +1, deep white matter, no subcortical white matter involvement, frontal and occipital lobe. Lesion severity: +1, hypodensity of parenchyma, CT value ≤2-5 HU, frontal lobe, occipital lobe and globus pallidus. Swelling of parenchyma: +1, sulcal effacement; +0, no involvement of other regions. The total integrated CT score of the patient was 11.
Data collection. The following information was extracted from the patients' medical records: age, sex, onset time of symptoms, duration of exposure to CO, COHb level at admission, acute physiology and chronic health evaluation-II (APACHE-II) scale score (24), Glasgow Coma Scale (GCS) score (25) and abnormal CT findings. Besides, the severity of the clinical symptoms was classified as mild, moderate or severe based on the APACHE-II score and the diagnosis of CO poisoning based on signs, symptoms and COHb levels (22, 23) .
Follow-up. Each patient was followed-up for 6 months from the occurrence of acute CO poisoning and was reviewed daily for the first 2 months and then monthly for the remaining period. Follow-up was conducted in the hospital or clinic. GCS score, APACHE-II score and brain CT images were evaluated at onset. The occurrence of DEACMP was determined on the basis of the patient's clinical symptoms and signs (vide supra).
Statistical analysis. Statistical analysis was performed using SPSS for Windows, release 19.0 (IBM Corp., Armonk, NY, USA). Data are presented as the mean ± standard deviation (SD) or n (%) and compared using the independent samples t-test, Chi-square test or rank sum test, as appropriate. Non-normally distributed data were compared with the rank sum test. The utility of the integrated CT value in the prediction of DEACMP was explored using the receiver operating characteristic (ROC) curve analysis with calculation of the area under the curve (AUC). P<0.05 was considered to indicate a statistically significant difference.
Results

Baseline demographic and clinical characteristics.
A total of 123 patients with acute CO poisoning were included in the analysis, among whom 27 (22.0%) developed DEACMP (DEACMP group) and 96 (78.0%) did not (non-DEACMP group). The baseline demographic and clinical characteristics of the study participants are presented in Table I . There were no significant differences between the DEACMP and non-DEACMP group in age, sex, and COHb level at admission (Table I) Table Ⅱ ). For patients scanned with the GE Healthcare scanner, there were no significant differences in the CT values of any of the brain regions between the two groups (Table II) .
Comparison of integrated CT scores between the DEACMP and non-DEACMP group.
Integrated CT scores were calculated for 111 out of the 123 patients (the original images could not be obtained in 12 patients for the determination of the integrated CT scores). As shown in Table Ⅲ , the DEACMP and non-DEACMP group did not differ significantly with regard to the integrated CT scores of the basal ganglia, white matter or other regions when these brain regions were considered individually. However, the total integrated CT score in the DEACMP group was notably higher than that in the non-DEACMP group (73.63 vs. 51.39; P=0.002).
ROC curve analysis of the utility of integrated CT score in the prediction of DEACMP. The area under the ROC curve was 0.700, with a 95% confidence interval of 0.584-0.817 (P<0.01).
Discussion
An important finding of the present study was that the DEACMP group had a longer duration of CO exposure, higher APACHE-II score, lower GCS score, greater symptom severity and higher proportion of patients with brain CT abnormalities. Furthermore, the CT value in various brain regions could not be used to distinguish between patients who subsequently developed DEACMP and those who did not. Importantly, integrated CT score was significantly higher in the DEACMP group than in the non-DEACMP group and ROC curve analysis indicated that total integrated CT score could potentially be used as a predictor of DEACMP. Our novel findings indicate that total integrated CT score could potentially be used to identify DEACMP in patients. In this study, DEACMP subsequently occurred in 22% of those with acute CO poisoning, consistent with previous investigations reporting values ranging from 16.5 to 29.5% (14, 15, 21) . No difference was found in sex between the two groups of patients in this study, in consistency with a previous publication (15) . Age of patients has been proven to influence the incidence rate of DEACMP, although there are inconsistencies among the published data.
For example, Choi has found that DEACMP does not occur in patients aged <30 years (16), while Weaver et al have determined that at age >35 years the risk in patients not treated with hyperbaric oxygen is increased but the risk in those that have received hyperbaric oxygen therapy is decreased (14) . In agreement with our findings, Kudo et al observed no difference in age between patients that developed DEACMP and those that did not (15) .
In this study, disease severity, regardless of the score used (APACHE-II score, GCS score or clinical symptom score), was markedly higher in the DEACMP group than that in the non-DEACMP group, which is consistent with the findings of Kudo et al that patients who suffered from DEACMP had a significantly higher Japan Coma Scale score (15) . Other studies have also suggested that impaired consciousness is correlated with DEACMP (16) . It would perhaps be expected that the degree of exposure to CO would influence the severity of the CO poisoning and hence the risk of DEACMP. It was observed that patients in the DEACMP group had a longer duration of exposure to CO than those in the non-DEACAMP group, in agreement with a previous report that exposure for 24 h or longer is an independent risk factor for cognitive sequelae (14) . Although another study has found no influence of duration of CO exposure on risk of DEACMP (15) , relevant data were available for only half of their cohort of patients, and the authors noted that variations in individual circumstances (particularly size and ventilation of the location of exposure) could have affected the interpretation of the results. COHb at first hospital consultation did not appear to be associated with the development of DEACMP in our study or clinical outcomes in other published research (15, 26) . The lack of an association of COHb at first hospital consultation with DEACMP may be due to the relatively short half-life of COHb and hence the rapid fall in COHb level that occurs after cessation of CO inhalation and administration of hyperbaric oxygen.
There is very little research exploring whether CT imaging could be used to predict the risk of DEACMP. An important finding of the present study was that the DEACMP group had a higher proportion of patients with brain CT abnormalities (81.5 vs. 51.0%). Similarly, Choi et al have determined that 62.2% of the patients that developed delayed neurologic sequelae had initial CT abnormalities, compared with only 27.0% of patients that made a full recovery (21) . Kudo et al have also found that their DEACMP group had substantially more patients with brain CT abnormalities than their non-DEACMP group (76.9 vs. 6.2%) (15) . However, in this investigation, CT values in the various brain regions examined did not differ between groups, indicating that this parameter may not be useful for predicting the risk of DEACMP. In contrast, the integrated CT score differed significantly between patients who developed DEACMP and those who did not, and ROC curve analysis suggested that this parameter could potentially be used to predict the risk of DEACMP. An important advantage of integrated CT score is that it is independent of the scanner characteristics, allowing it to be used widely in different Institutions. The integrated CT score is related to the severity of the patient's lesions and thus is an indirect evaluation of the pathologic changes in the brain. Therefore, this parameter may be a novel approach to risk stratification in patients with acute CO poisoning. This study has some limitations. It was a retrospective study, so it might have been prone to information bias and selection bias. Acute CO poisoning is relatively rare, hence the sample size was small despite the inclusion of four study sites. Therefore, the results could not be generalized to other regions of China or other countries. Unknown confounding factors that were not included in the analysis might have influenced the results. Direct comparisons of CT with other imaging modalities, such as DWIMRI, were not made. The most commonly used quantitative indicators of DWI are average diffusion coefficient (ADC) and fractional nisotropy (FA). In our study, DWI findings were not involved. The most commonly used quantitative indicators of DWI are ADC and FA. The associations between CT findings and long-term clinical outcomes were not examined. Additionally, prospective, multicenter, large-scale studies are merited to further explore the utility of CT in predicting the risk of DEACMP. In conclusion, brain integrated CT score can potentially identify patients at risk of DEACMP.
